Reductive methylation of lysine residues activates liver alcohol dehydrogenase in the oxidation of primary alcohols, but decreases the activity of the enzyme towards secondary alcohols. The modification also desensitizes the dehydrogenase to substrate inhibition at high alcohol concentrations. Steady-state kinetic studies of methylated liver alcohol dehydrogenase over a wide range of alcohol concentrations suggest that alcohol oxidation proceeds via a random addition of coenzyme and substrate with a pathway for the formation of the productive enzyme-NADH-alcohol complex. To facilitate the analyses of the effects of methylation on liver alcohol dehydrogenase and factors affecting them, new operational kinetic parameters to describe the results at high substrate concentration were introduced. The changes in the dehydrogenase activity on alkylation were found to be associated with changes in the maximum velocities that are affected by the hydrophobicity of alkyl groups introduced at lysine residues. The desensitization of alkylated liver alcohol dehydrogenase to substrate inhibition is identified with a decrease in inhibitory Michaelis constants for alcohols and this is favoured by the steric effects of substituents at the lysine residues.
Reductive methylation of lysine residues activates liver alcohol dehydrogenase in the oxidation of primary alcohols, but decreases the activity of the enzyme towards secondary alcohols. The modification also desensitizes the dehydrogenase to substrate inhibition at high alcohol concentrations. Steady-state kinetic studies of methylated liver alcohol dehydrogenase over a wide range of alcohol concentrations suggest that alcohol oxidation proceeds via a random addition of coenzyme and substrate with a pathway for the formation of the productive enzyme-NADH-alcohol complex. To facilitate the analyses of the effects of methylation on liver alcohol dehydrogenase and factors affecting them, new operational kinetic parameters to describe the results at high substrate concentration were introduced. The changes in the dehydrogenase activity on alkylation were found to be associated with changes in the maximum velocities that are affected by the hydrophobicity of alkyl groups introduced at lysine residues. The desensitization of alkylated liver alcohol dehydrogenase to substrate inhibition is identified with a decrease in inhibitory Michaelis constants for alcohols and this is favoured by the steric effects of substituents at the lysine residues.
Lysine residues have been implicated as essential to the activity of various dehydrogenases (Degani et al., 1974; Fan & Plaut, 1974) . Picolinimidylation (Plapp, 1970) and methylation (Tsai et al., 1974) of lysine residues activates liver alcohol dehydrogenase (alcohol-NAD oxidoreductase, EC 1.1.1.1), whereas phosphopyridoxylation (McKinley-McKee & Morris, 1972) inactivates the enzyme. This difference in the effect on modification of liver alcohol dehydrogenase has been attributed to a change in the charge of lysine residues. Kinetic studies of picolinimidylated liver alcohol dehydrogenase indicate that both the native and modified enzymes followed the Ordered Bi Bi mechanism. The activation of picolinimidylated enzyme is associated with an increased dissociation constant of the enzyme-coenzyme complex and a possible change in the rate-limiting step (Plapp et al., 1973) . Both picolinimidylation and phosphopyridoxylation modify an identical lysine residue, which interacts with nicotinamide coenzymes (Dworschack et al., 1975) , whereas different lysine residue(s) are probably involved in methylation (Jorvall, 1973; Chen & Engel, 1975) .
In view of the following observations, steady-state kinetic studies of methylated liver alcohol dehydrogenase were carried out over a wide concentration range ofvarious alcohols to investigate the mechanism for the enhancement of ethanol oxidation after methylation of the enzyme. The observations are: (1) liver alcohol dehydrogenase is subject to substrate inhibition at high ethanol concentrations, and Vol. 173 methylation results in partial desensitization to this effect (Tsai et al., 1974) ; (2) kinetic parameters obtained at low ethanol concentrations do not satisfy relationships required by simple orderedmechanisms; (3) methylation activates liver alcohol dehydrogenase to oxidize primary alcohols, but deactivates the enzyme to catalyse the oxidation of secondary alcohols. A mechanism for the changes in the enzyme activity on methylation is proposed. Kinetic parameters associated with these changes are identified and factors that affect these kinetic parameters are discussed.
Pyrazole was the product of Eastman Organic Chemicals, Rochester, NY, U.S.A., and NaBH4 was from BDH Chemicals, Toronto, Ont., Canada. Methylation and alkylation of liver alcohol dehydrogenase Methylation of liver alcohol dehydrogenase was carried out by a slight modification of the procedure previously described (Tsai et al., 1974) . First, 0.5ml of freshly prepared NaBH4 solution (5.0mg/ml) was mixed with 4.5ml of solution containing 0.30,umol of the dehydrogenase [based on a mol.wt. of 84000 (Ehrenberg & Dalziel, 1958) ] in 0.10M-sodium pyrophosphate buffer, pH 9.0, on ice. Formaldehyde solution (6.0,umol in total volume of 0.2ml) was added in six portions over a 60min period. The reaction mixture was kept on ice for an additional 15min, then exhaustively dialysed against water and freeze-dried. The control was prepared by replacing 0.2ml of formaldehyde solution with water. Methylated enzyme protected with NADH was prepared by performing methylation in the presence of 11.4umol (38-fold excess) of NADH. Alkylation of the enzyme was carried out by the procedure previously described (Tsai, 1977 Kinetic parameters of alkylated enzymes were analysed for substituent effects by the method described previously (Tsai, 1977) . (2) by using a FORTRAN program described previously (Dove & Tsai, 1976 E I-, E (Cleland, 1963b) . The control yields product-inhibition patterns that are predictable on the basis of an Ordered Bi Bi mechanism (Fig. Sa) ; however, unexpectedly, acetaldehyde inhibits methylated enzyme competitively with respect to ethanol (Fig. 5b) . Inhibition constants for intercept effect (K11) and slope effect (K1,) are given in Table 4 . A specific dead-end inhibitor, pyrazole (Theorell et al., 1969) , inhibits both the control and the methyl-enzyme competitively with respect to ethanol. The inhibition is linear for the control, but non-linear for the methylated enzyme (Fig. 6 ). Hill plots (Fig. 6 inset) show a change in the interaction coefficient (h) of ethanol from 0.92 in the absence of pyrazole to 1.7 in the presence of 5.OpM-pyrazole.
Results
To investigate factors that are responsible for the activation of methylated liver alcohol dehydrogenase to oxidize ethanol and its desensitization to substrate inhibition, various substituents were introduced by reductive alkylation of the enzyme, and kinetic parameters from the asymptotic region of activity plots of alkylated enzymes were analysed for the substituent effects (Tsai, 1977) . In view of the present kinetic study, which suggests the association of two kinetic parameters in the concave region, Vl and K'b, with the observed methylation effects, these kinetic parameters were determined (Table 5) and analysed for the substituent effects according to:
log Vlr or K_Yb = d+p* a* + SE. +px (3) as described previously (Tsai, 1977) . Vt" and KZb are ratios of VI and Ki'b of alkylated liver alcohol dehydrogenase to NADH-protected alkylated enzymes respectively. All alkylated enzymes show desensitization to ethanol inhibition with decreased K'b. The activation of alkylated enzymes to oxidize ethanol is associated with increased V1 and Vl, whereas the deactivated trichloroethyl-enzyme shows decreased VI and VI. Stepwise forward regression analyses (Draper & Smith, 1968) Two Michaelian kinetic models, Theorell-Chance (Theorell & Chance, 1951) and Ordered Bi Bi (Wratten & Cleland, 1963) , are the common mechanisms proposed for catalysis by liver alcohol dehydrogenase. The former requires V1 K,,! V2 Ka = 1, whereas for the latter V1K5/V2Ka5> 1. For catalysis by alcohol dehydrogenase, dissociations of the 0 enzyme-coenzyme complexes are rate-limiting 1_6 (Dalziel, 1963; Shore & Gutfreund, 1970) 1.59 absence of products (P and Q) has been derived (Dalziel & Dickinson, 1966 (Cleland, 1963b; Wratten & Cleland, 1963) and pyrazole is a linear competitive inhibitor with respect to ethanol (Theorell et al., 1969) .
For methylated liver alcohol dehydrogenase, the Although it is difficult from the kinetic study of ethanol oxidation to assign any kinetic parameters associated with the activation and desensitization of methylated enzyme to substrate inhibition, steady-state kinetic studies with coenzyme derivatives and alcohol analogues yield valuable information in this regard. For reactions exhibiting substrate activation, e.g. cyclohexanol, methylation increases Kb, whereas for reactions exhibiting substrate inhibition, e.g. primary alcohols, the desensitization to inhibition is accompanied by a decrease in K'b, presumably by facilitating the dissociation of the enzyme-NADH-alcohol complex. The trend indicating the effect of methylation on Kb (K'b) can be seen with thionicotinamide-NAD+ and butan-2-ol, which change from K'b (negative slopes) for the control to Kb (positive slopes). Methylation either enhances enzyme ability to oxidize primary alcohols by increasing V1 and VI or decreases its ability to oxidize secondary alcohols by decreasing V1 and V1. Since the rate-limiting steps for the oxidation of primary and secondary alcohols are different (Dalziel & Dickinson, 1966) , methylation presumably increases maximum velocities by facilitating the dissociations of the enzyme-NADH and enzyme-NADH-alcohol complexes for primary alcohols while decreasing maximum velocities by retarding the interconversion between enzyme-NAD+-secondary alcohol and enzyme-NADHketone complexes and the release of the product from the ternary complex.
The previous study (Tsai, 1977) of substituent effect on alkylated liver alcohol dehydrogenase indicates that the hydrophobicity of alkyl groups is the most important variable affecting V1. Similar analyses suggest that the hydrophobicity and the steric effect are the chief causes of changes in VI and K'b respectively. The negative coefficient for Xr indicates that maximum velocities (VI) increase with the hydrophilicity of the alkylated lysine residues that interact with NADH. The positive coefficient for steric constants (E.) suggests that inhibitory Michaelis constants (K'b) for ethanol decrease with steric hindrance at the lysine residues.
It is concluded that methylated liver alcohol dehydrogenase catalyses the oxidation of alcohols via a partially random and a partially ordered mechanism with a pathway for the formation of the productive enzyme-NADH-alcohol complex. The facilitation of its formation and dissociation that is favoured by a steric hindrance at the lysine residues desensitizes methylated enzyme to substrate inhibition. Methylation activates liver alcohol dehydrogenase to oxidize primary alcohols but deactivates the enzymes to oxidize secondary alcohols, depending on the rate-limiting step of the reactions, by either increasing or decreasing maximum velocities in the asymptotic and concave regions, which are affected by alkyl groups introduced at the lysine residues.
The rate equation for Scheme 1 (main paper) can be derived by the King & Altman (1956) 7k-8k-9 [(ki3 + k-4)(k-5 + k+6)+ k+5 k+61 dab = k+l k_2k+8k+s [(k.3 + k-4)(k-5 + k+6) + k+5 k+6] + k_1 k-3 k+4 k+8k+s (k-5 + k+6) + k+3 k+4 k+5 k+6 k+7 (k8 + k+g) + k+7(k-5 + k+6)(k-8 + k+4)(k+l k+3k-4 + k+2k-3 3k+4) + (k+l k22k+3 + k..I k+2k+4)(k-8 
For the initial velocity of alcohol oxidation (in the absence of P and Q), eqn. (1) Secondary plots of intercepts versus 1/B (Appendix Fig. 1 
(n.ab3 )2 Et~B J nlb3Et(7 which describes linear (I), concave up (II) or down (III) curves depending on whether nlab3/dab3 is equal to, smaller than or larger than nab2/dab2 respectively. (slopes) = do (i flabdbfnab2db2 (8) afnabEt (nab+ 2Et and the concave region (c):
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(nlb3)2Et \B/ nBabEt (9) which describes linear (I) or concave-up (II) or concave-down (III) plots depending on whether nab3/db3 is equal to, smaller than or larger than nab2ldb2 respectively. From eqns. (6)- (9), kinetic parameters for the asymptotic region and the concave region for catalyses by liver alcohol dehydrogenase can be evaluated (Appendix Table 1 ). (1) and its double-reciprocal plots over the concentration range used are approximately linear, product-inhibition patterns for ethanol oxidation catalysed by methylated liver alcohol dehydrogenase can be predicted (Appendix Table 2 ). Notably acetaldehyde (P) is competitive with respect to ethanol (B). Reference King, E. L. & Altman, C. (1956) J. Phys. Chem. 60, 1375 Chem. 60, -1378 
